Introduction
Human immunodeficiency virus type 1 (HIV-1) reverse transcriptase (RT) converts the viral genomic RNA to a double-stranded DNA (dsDNA) intermediate which integrates into the host genome. RT is a multifunctional enzyme, possessing RNA-and DNA-dependent DNA polymerase, RNase H, strand transfer and strand displacement activities. 1 The HIV-1 RT is a heterodimeric enzyme composed of two subunits of 66 and 51 kDa respectively, with subdomains termed fingers, thumb, palm and connection in both subunits and an RNase H domain in the larger subunit only. 2, 3 The DNA polymerase active site resides within the palm subdomain of the larger subunit (p66), which contains the essential catalytic aspartic acid residues 110, 185 and 186. 4, 5 Other residues in their vicinity, such as Lys-65, Arg-72, Asp-113, Ala-114, Tyr-115 and Gln-151 are involved in the interactions with the incoming dNTP, while
Leu-74, Pro-157, Phe-160, Tyr-183 and Met-184 could indirectly affect dNTP binding. misincorporations per nucleotide. One of the consequences of the high mutation rates has been the emergence of drug resistant HIV variants. Polymerization errors can be generated either by misinsertion of an incorrect nucleotide followed by mispair extension, or by transient primer slippage. 6 Mutational studies have shown that molecular determinants of nucleotide specificity and fidelity of DNA synthesis map within the HIV-1 RT p66 subunit, mostly in the vicinity of the dNTP binding site. 7, 8 Thus, nonconservative amino acid changes affecting Tyr-115, as well as the substitutions of Ala for Arg72 or Met184 were shown to reduce the accuracy of the viral RT. [9] [10] [11] [12] [13] On the other hand, several mutations affecting residues that interact with the incoming nucleotide (e.g. at positions 65, 151 and 184) increase the accuracy of the viral RT.
10,14-17 5 resistant to quinoxaline nonnucleoside RT inhibitors. 34 Other amino acid substitutions at this position (e.g. V75A, V75M and V75S) are also frequently found in patients undergoing therapy with RT inhibitors. 30 In this work, we have obtained a series of mutant RTs with substitutions at position 75 in order to define the role of Val-75 in nucleotide specificity and fidelity of DNA synthesis.
Mutant RTs with altered fidelity were identified, and kinetic parameters for nucleotide incorporation were determined under steady-state and pre-steady-state conditions. The results of misinsertion and mispair extension fidelity assays led to the identification of V75I as a substitution increasing the accuracy of the viral RT. Those data were consistent with the results obtained from assays based on the inactivation of the lacZ gene in bacteriophage M13mp2, and affecting the side-chain of Val-75 would influence the topology of the RT Cα backbone interacting with the 5´ template overhang, while having an effect on nucleotide selectivity.
Mutant RTs containing Ala, Phe, Ile, Leu, Met, Ser or Thr instead of Val-75 were obtained as p66/p51 heterodimers and their DNA-dependent DNA polymerase activity was determined by using a 47/25-mer heteropolymeric template-primer and dTTP, under steady-state conditions. As shown in Table 1 , the introduced mutations produced moderate reductions in the catalytic efficiencies of nucleotide incorporation (measured as k cat /K m ), in comparison with the wild-type enzyme. While k cat values were similar for all of the mutants tested, differences in the catalytic efficiencies resulted from variations in the apparent K m values, which were 2-to 3.8-fold higher for mutant RTs than for the wild-type enzyme.
Primer extension assays using deoxynucleotide templates and biased dNTP pools
An initial assessment of the fidelity of mutant HIV-1 RTs was obtained by using an assay that monitors primer extension in the absence of one dNTP complementary to template nucleotides. Under these conditions, the elongation of the primer past a template nucleotide complementary to the excluded dNTP requires the insertion of an incorrect nucleotide and further extension of the generated mismatch primer. The results obtained using template-primer D2-47/PG5-25 are given in Figure 1 . Full primer extensions were obtained with mutant and wild-type RTs when all required dNTPs were present in the reaction. Extension efficiencies were similar for the wild-type enzyme and for mutants V75L, V75M and V75S in all reactions.
However, different band patterns were observed with mutants V75A, V75F, V75I and V75T.
In the absence of dATP, the amount of fully extended primers accumulated in reactions catalyzed by V75A RT appears to be larger than in reactions catalyzed by the wild-type RT (Figure 1 ), particularly after long incubation times (for example, compare the intensities of the corresponding smears with those of bands at position +7 for mutant and wild-type RTs). In contrast, the products generated by V75F, V75I and V75T under those conditions were shorter.
In comparison with the wild-type RT, there was a slower accumulation of fully extended products in reactions catalyzed by V75F (see arrows in Figure 1 ). This effect was also observed with mutants V75I and V75T, although in this case the most significant differences between mutants and wild-type RT were detected in reactions incubated during 5 or 15 min, by comparing the relative intensities of bands +4 and +7. Taken together, these results were taken as preliminary evidence suggesting that V75F, V75I and V75T RTs were more faithful than the wild-type enzyme, while V75A conferred reduced fidelity of DNA synthesis.
Steady-state fidelity assays
Misinsertion and mispair extension fidelity assays were used to estimate the accuracy of DNA polymerization catalyzed by the wild-type RT and mutants V75A, V75F and V75I.
Steady-state kinetic parameters for the incorporation of nucleotides at the 3´end of the primer were obtained with the heteropolymeric template-primer D2-47/PG5-25. Misinsertion fidelity assays involved kinetics measurements for the incorporation of a correct (T) or an incorrect (A, C or G) nucleotide at the 3´end of the primer, and the kinetic parameters, k cat and K m , are given
in Table 2 . All tested RTs misinserted dCTP and dGTP with the highest efficiency, whereas there was hardly any extension in the presence of dATP. Misinsertion ratios determined as the ratio of the catalytic efficiencies of incorporation of an incorrect dNTP relative to the correct dTTP were in the range from 3.1 x 10 -5 to 1.8 to 10 . In general, these values were somewhat higher for the mutants than for the wild-type RT, although the largest differences were obtained with the mutant V75A, which showed a 5.8-fold higher misinsertion efficiency of dCTP incorporation, in comparison with the wild-type enzyme.
The kinetics of mispair extension were studied for correctly matched base pairs (A:T) and for mismatches A:C, A:G and A:A, using the template-primer D2-47/PG5-25 and its corresponding derivatives having primers PG5-25C, PG5-25G and PG5-25A, respectively. In all cases, we measured the incorporation of a correct T opposite A at the 3´end of the primer. The results are shown in Table 3 . Wild-type RT and the mutant V75A showed relatively small differences in their catalytic constants, although extension efficiencies of A:G and A:A mispairs were around 2-3 times higher for the mutant than for the wild-type enzyme. These data were in agreement with the lower fidelity displayed by V75A in misincorporation assays. In contrast, mutants V75I and V75F showed mismatch extension ratios that were around 3 to 5 times smaller than those obtained with the wild-type RT. These effects were observed with all three mispairs tested, and could be largely attributed to the larger increases in the apparent K m values obtained in dTTP incorporation reactions of mismatched template-primers (Table 3) .
Pre-steady-state kinetic analysis of correct and incorrect nucleotide incorporation on matched template-primers
Under the steady-state conditions used The pre-steady-state kinetic parameters of nucleotide incorporation, k pol and K d , are given in Pre-steady-state kinetic analysis of nucleotide incorporation on mismatched template-
primers
The kinetic parameters obtained in the misinsertion experiments described above suggested that the misinsertion step does not make a significant contribution to the fidelity differences between wild-type and mutant RTs. Therefore, we examined the pre-steady-state kinetics of mismatch extension, a step required for fixation of the mutation. In these experiments we analyzed the incorporation of dTTP (a correct nucleotide) onto three different mismatched 3´ ends (G:T, G:G and G:A), using template-primers 31T/21PT, 31T/21PG and 31T/21PA, respectively. Reaction rate constants (k obs ) were determined under single turnover conditions and using an excess of enzyme (120 nM) over substrate (31/21-mer, 100 nM), and then measuring the products formed at different dTTP concentrations (Figure 3 (a) ). The plots of the first-order rate constants (k obs ) for nucleotide incorporation versus the dTTP concentrations, obtained wild-type and mutant RTs using different mismatched-template primers are given in Our results indicate that mispair extension efficiencies of the wild-type RT and the mutant V75A were very similar. In contrast, V75F and V75I showed reduced mispair extension efficiencies. In the case of V75I, there was a 3.2-fold reduction of the G:T mismatch extension ratio, which resulted from the larger increase in the apparent K d value (Table 5 ). While differences in mispair extension efficiencies between wild-type RT and mutant V75A were relative small, V75I showed increased fidelity with all three mispairs tested in this assay. For V75F, differences were relatively small, except for G:G mispair extensions, which were elongated at a very low rate by this mutant.
M13mp2 lacZα forward and reversion mutation assays
The influence of amino acid substitutions affecting Val-75 of HIV-1 RT on its mutation rate was assessed using and M13-based forward mutation assay with lacZα as a reporter gene.
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Mutations generated when the RT copies the gapped region of the lacZ gene in M13mp2 can be scored by the number of plaques with altered colour phenotype (pale blue or colorless) in a specific indicator strain. The mutant frequency is then calculated as the ratio of mutant to total plaques. The results shown in Table 6 revealed that the wild-type HIV-1 RT was slightly more faithful than the RT having mutation V75A. In contrast, mutant frequencies obtained with mutants V75F and V75I were 1.8 and 3.0 times smaller than those obtained with the wild-type RT. The higher fidelity conferred by the substitution of Ile for Val-75 was further confirmed using an M13mp2 lacZα reversion mutation assay. In this assay, the template strand of the lacZ gene contains an amber (TGA) codon that inactivates the nonessential α-complementation activity. 42 Polymerase errors introduced at this codon may restore the α-complementation activity, rendering blue plaques. The mutant frequency obtained with the wild-type HIV-1 RT was around 3.5 times higher than the mutant frequency determined for the mutant V75I RT (Table 6 ), a result broadly in agreement with the data collected from misinsertion and mispair extension fidelity assays.
Discussion
The β3-β4 hairpin loop (residues 56-77) of the fingers subdomain in the 66-kDa subunit of the HIV-1 RT undergoes a large conformational change upon dNTP binding. 3, 43 Residues in the β3-β4 hairpin loop, which are often involved in nucleoside analogue resistance, [44] [45] [46] was observed in the binary complex containing an RNA/DNA hybrid with a one-nucleotide overhang. 48 Interestingly, in an HIV-1 RT/dsDNA binary complex containing a 5´ template overhang of 3 nucleotides, the interaction between the -NH-and -CO-groups of the peptide backbones of Val-75 and Gln-151 was maintained, but the -CO-group of Val-75 was found to be closer to the nitrogen base of the template nucleotide +1 than to its ribose moiety 49 M13 lacZ-based forward mutation assays. The largest effects were observed with mutant V75I that showed a 3-fold increased accuracy in forward mutation assays. A similar increase (3.5-fold) was also obtained with this mutant in a reversion mutation assay.
Mechanistic insights into the role of Val-75 in fidelity of DNA synthesis were obtained from kinetic assays. The events leading to the fixation of a mutation involve nucleotide misincorporation, followed by extension of a mispaired template-primer. [6] [7] [8] Kinetic parameters obtained under steady-state conditions showed that the increased fidelity of V75I and V75F was a consequence of their lower mispair extension efficiencies in comparison with the wild-type RT. However, a mechanistic interpretation of the data based on the steady-state kinetic parameters k cat and K m is problematical due to the fact that K m differences in dNTP binding are largely governed by k pol . Therefore, we performed pre-steady-state kinetic analysis on Val-75 mutants in order to identify which step was affected in the process leading to the generation of a mutation. As shown in Figure 5 , in comparison with the wild-type RT, mutations conferring higher accuracy (i.e. V75I and V75F) showed significantly lower mispair extension ratios under both steady-and pre-steady-state conditions, without having a large impact on misincorporation.
Interestingly, the mutant V75I showed G:T, G:G and G:A mispair extension ratios which were around 3 to 5 times lower than those obtained with the wild-type RT under pre-steady-state conditions. In comparison with the wild-type enzyme, there was a larger increase in the K d for the correct dNTP, in polymerization reactions carried out with mismatched template-primers and mutant V75I (Table 5 ). However, both wild-type HIV-1 RT and the mutant V75I showed similar catalytic efficiencies for the incorporation of dTTP on matched (G:C) template-primers (Table 4) , and similar catalytic constants (k pol ) for the incorporation of correct dNTPs on mismatched 3´ ends (Table 5 ). Mutant V75F also showed decreased fidelity, although in this case, significant differences were observed only with G:G mispairs ( Figure 5 ). As in the case of V75I, the K d for the correct nucleotide increased around 5 times, although V75F caused a reduction in the k pol for dTTP on G:G mismatched template-primers, which was not significant for the mutant having Ile instead of Val-75 (Table 5) .
Although steady-state kinetic analysis has been widely used for analyzing fidelity of HIV-1 RT mutants, there are very few pre-steady-state kinetic studies dealing with the effects of mutations on fidelity of DNA synthesis. Thus, Feng and Anderson 38 analyzed the effects of the lamivudine-resistance mutation M184V in misinsertion fidelity assays. Authors showed that this mutation had a relatively small effect on the RT's ability to discriminate between correct and incorrect nucleotides. Similar studies carried out with the single-amino acid variants V148I
and Q151N revealed only small differences in nucleotide selectivity between both mutants and the wild-type RT, although V148I and Q151N showed reduced mispair extension efficiency in comparison with the wild-type RT. 50 In the case of Q151N, this effect was largely attributed to its higher K d for a correct nucleotide when a mismatched template-primer is used as substrate.
These effects are similar to those reported here for V75I. However, the catalytic efficiency of Q151N is largely reduced in comparison with the wild-type enzyme, 17, 50 suggesting that this mutation is unlikely to appear in vivo, due to its detrimental effect on dNTP binding. In contrast, V75I and other mutants at this position retain significant DNA polymerase activity in incorporation assays carried out under different conditions (Tables 1 and 4 and in Figure 1 ).
These results were also consistent with the variability observed at Val-75 in vivo.
Mutant virus carrying the drug-resistance-related mutations V75I and V75T were shown to replicate efficiently in various cell types. 35 ,51 V75I emerges as a secondary mutation in HIV variants resistant to multiple dideoxynucleosides, 31, 32 and appeared as a compensatory mutation in virus carrying G190E, a substitution conferring resistance to several nonnucleoside RT inhibitors. 34, 52 In the case of multidrug-resistance, V75I appears together with Q151M and probably affects dNTP binding by altering the interaction of Gln-151 with the nitrogen base of the incoming dNTP, as well as other interactions within the core of the fingers subdomain (e.g.
with the side chain of Phe-77). On the other hand, its compensatory effect in virus carrying mutation G190E could be related to the positioning of the template-primer. Although the peptide backbone of Val-75 interacts with the 5´ template overhang in the ternary complex of HIV-1 RT, we cannot rule out an indirect effect on Gln-151 and other residues in the dNTP binding site that could account for the observed differences in the fidelity of DNA synthesis.
Materials and Methods

Reagents
Stock solutions (100 mM) of dNTPs and [γ- 
Mutagenesis, expression and purification of recombinant RTs
Site-directed mutagenesis was carried out with the Quik-Change Site-Directed Mutagenesis kit (Stratagene) using plasmids pRT6 53 or p66RTB 54 as templates, and the regions were sequenced. Then, inserts containing the appropriate mutations were cloned in the p51 expression vector pT51H, by following previously described procedures.
9,55
RTs were purified as described, after independent expression of their subunits (p66 and p51), 44 ,56 using the constructs derived from pRT6 and pT51H. The 51 kDa subunit was obtained with an extension of 14 amino acid residues at its N-terminal end, which includes six consecutive histidine residues to facilitate its purification by metal chelate affinity chromatography. For those experiments requiring high concentrations of HIV-1 RT (i.e.
determination of pre-steady-state kinetic parameters), RT expression and purification was performed with modified versions of plasmid p66RTB, 57 as previously described. 54 RT p66
subunits carrying a His 6 tag at their C-terminus were co-expressed with HIV-1 protease in E.
coli XL1 Blue to obtain p66/p51 heterodimers, which were later purified by ionic exchange followed by affinity chromatography. 54,57 Enzymes were quantified by active site titration 37 before biochemical studies.
Extension of primers in the absence of one dNTP
The template/primer D2-47/PG5-25 was used to determine the extent of misincorporation in the absence of one dNTP. Prior to the elongation reaction, PG5-25 was labelled at its 5´ terminus with [γ-32 P]ATP and T4 polynucleotide kinase, and annealed to the template (D2-47) in a solution containing 150 mM NaCl and 150 mM magnesium acetate.
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Then, the template-primer was diluted 10-fold in 500 mM Hepes (pH 7.0), containing 150 mM NaCl and 150 mM magnesium acetate. Assays were carried out for 0 to 60 min at 37ºC with 24 nM RT, in 10 μl of 50 mM Hepes (pH 7.0), 15 mM NaCl, 15 mM magnesium acetate, 130 mM KCH 3 COO, 1 mM DTT, 5% (w/v) polyethylene glycol, and dNTPs at a concentration of 500 µM each (*: dATP, dCTP, dTTP; -A: dCTP, dTTP; -T: dATP, dCTP; and -C: dATP, dTTP).
The template-primer concentration in the assay was 22.5 nM. At the end of the incubation period, the reactions were stopped by adding 4 μl of stop solution (10 mM EDTA in 90% formamide containing 3 mg/ml xylene cyanol FF and 3 mg/ml bromophenol blue) and incubated at 90º C for 10 min. Reaction products were separated in denaturing 20% polyacrylamide/8 M urea gels, and visualized by phosphorimaging with a BAS 1500 scanner (Fuji).
Steady-state kinetic assays
Fidelity assays were performed as previously described. 58-60 Assays were carried out in 10-12 μl of 50 mM Hepes (pH 7.0), 15 mM NaCl, 15 mM magnesium acetate, 130 mM KCH 3 COO, 1 mM DTT and 5% (w/v) polyethylene glycol 6000. The template-primer used in misinsertion fidelity assays was D2-47/PG5-25. For mispair extension fidelity assays, three additional primers were used instead of PG5-25 (i.e. PG5-25C, PG5-25G and PG5-25A). All of them were identical to PG5-25, but they had C, G, or A (instead of T), at their 3´ end.
Template-primer concentrations were 30 nM in all assays. Nucleotide concentrations in the range of 10 nM -1 mM were used to measure dTTP incorporation, while incorrect dNTP concentrations ranged from 0.1 to 10 mM in the assays. For the extension of mismatched template-primers, dTTP concentrations used were in the range of 10 μM -5 mM. The active enzyme concentration was around 6-10 nM. The rate of product formation was measured for 10-12 different concentrations of each correct or incorrect dNTP. After incubation at 37ºC, products were heat-denatured, resolved in 20% polyacrylamide/8 M urea gels and quantified with a BAS 1500 scanner (Fuji) using the program Tina version 2.09 (Raytest Isotopenmessegerate Gmbh Staubenhardt, Germany). The catalytic constants k cat and K m were determined after fitting the elongation data to the Michaelis-Menten equation.
Pre-steady-state kinetic assays
Pre-steady-state kinetic parameters for the incorporation of dTTP by wild-type and mutant HIV-1 RTs were determined with a rapid quench instrument (model QFM-400, BioLogic Science Instruments, Claix, France) with reaction times ranging from 10 ms to 6 s. and G:A mispairs) were conducted with excess concentrations of enzyme (120 nM) over the template-primer duplex (100 nM). These conditions were chosen to eliminate the influence of the enzyme turnover rate (k ss ), which interferes in the measurements of low incorporation rates.
For mispair extension fidelity assays, 61 three additional primers were used: 21PT, 21PG
and 21PA. All of them were identical to 21P, but had T, G, or A (instead of C), at their 3´ terminus. Misincorporation and mispair extension reactions were performed in the buffer conditions described above, using a rapid quench instrument. When the reaction times were longer than 8 s, the assays were carried out manually. The reaction products were separated on a 
where K d and k pol are the equilibrium constant and the catalytic rate constant of the dNTP for RT, respectively. K d and k pol were determined from curve-fitting using Sigma Plot.
M13mp2 lacZα forward and reversion mutation assays
Mutation frequencies for wild-type and mutant HIV-1 RTs were determined as described previously. 41 M13mp2 DNA containing a single-stranded gap of 361 nucleotides was prepared as described 41 and used as a template/primer for fill-in DNA synthesis reactions by wild-type and mutant RTs. In the forward mutation assay, polymerase errors that inactivate the wild type plaques (dark blue in the forward mutation assay or colourless in the reversion assay), as described. 41 The background mutation frequency was determined by electroporating unfilled gapped duplex and scoring for mutant plaques as described above. Arrows are used to indicate bands representing specific stops produced by Val-75 mutants.
Boxes are used to highlight the differences between the wild-type RT and mutants V75I and V75T. 
Abbreviations and footnotes
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